Background: Acquired aortopulmonary fistulation is a rare condition in humans. It usually results as a late complication of a true or pseudoaneurysm of the thoracic aorta. It is most commonly associated with trauma or surgery, less commonly with atherosclerosis, inflammation, hypertension or Marfan's syndrome. Aortopulmonary fistulation is also seen as a rare complication of acute aortic dissection. On rare occasions, acquired aortopulmonary fistulation is reported in aged patients without any of the above mentioned triggering factors. Thus, these cases should be considered as idiopathic aortopulmonary fistulation. Clearly, the pathogenesis of this condition is not yet completely understood. Friesian horses are highly inbred and are affected by several genetic conditions. Rupture of the thoracic aorta has a relatively high prevalence in Friesian horses and is often characterized by the formation of a pseudoaneurysm with subsequent fistulation into the pulmonary artery. Affected animals may survive for several weeks to months.
Background
In spite of the relative frequency of thoracic aortic (pseudo)aneurysms and the close anatomical relation between aorta and truncus pulmonalis, aortopulmonary fistulation is very rare in humans. In a review by Boyd [1] , 4000 cases of thoracic aortic aneurysms were studied and only in 4 % there was an aortopulmonary fistulation. The diagnosis is made primarily by echocardiography and aortography [2] , followed by further imaging, such as computed tomography (CT) and magnetic resonance imaging (MRI) [3] . Reports of successful surgical management of aortopulmonary fistulas are scarce due to the magnitude of operative problems encountered [4] [5] [6] .
Aortic rupture is an extremely rare condition in the general horse population. It can occasionally be seen in older breeding stallions [7] and sports horses in full exercise [8] . In Friesian horses, however, aortic rupture is relatively common. We have demonstrated that it typically occurs as a transverse tear located immediately proximal to the ligamentum arteriosum, the remnant of the ductus arteriosus [9, 10] . The ductus arteriosus shunts approximately 2/3 of the fetal blood directly to the aorta, thus bypassing the pulmonary artery [11] . Between 2007 and 2013, we have diagnosed 37 Friesian horses with aortic rupture during postmortem examination at the Faculty of Veterinary Medicine of Ghent University, Belgium, the Faculty of Veterinary Medicine of Utrecht University, and Wolvega Equine Clinic, the Netherlands. Of these 37 affected Friesians, 27 were diagnosed with an aortopulmonary fistula with survival for several weeks to months [10] . Three dimensional visualization of the fistulation between the aorta and pulmonary artery at necropsy is difficult due to extensive pseudoaneurysm formation, sometimes combined with dissections and periaortic hematomas [9] . Also in vivo visualization of this structure is hard to obtain since medical imaging is restricted to cardiac ultrasound due the large posture of horses [12] ( Figs. 1, 2 ). Recently we reported on the potential benefits of performance of transesophageal ultrasound in attained cases to gain a better view on this region [13] .
Methods
To obtain a better insight into the 3D conformation of the site of rupture, post-mortem vascular casting of the aortopulmonary fistulation was performed in three affected Friesian horses (horse 1: mare, 4 years; horse 2: gelding, 11 years; horse 3: mare, 6 years) using the technique described by Vandecasteele et al. [14] . Silicone casting of the proximal thoracic aorta and pulmonary artery was done in the first two horses. In the third horse, a Technovit ® 7143 cast was made. The complete cardiopulmonary set with the intact vessels was dissected from the thorax. The heart was then positioned in an upside down position. The left and right ventricle were opened and the aorta and truncus pulmonalis were flushed with a hosepipe. The silicone (base and catalyst, ratio 1:1) or Technovit ® 7143 was then infused through a funnel in the left and right ventricle into the aorta and truncus pulmonalis. After hardening overnight at room temperature, the casts were dissected.
Results
Vascular casting in all three samples revealed an aortic rupture at the caudoventral side of the aorta and a rupture of the main pulmonary artery just proximal to its bifurcation ( Fig. 3 ). The fistula between both arteries consisted of a pseudoaneurysm containing several (1-3) pocket-like spaces. These findings were consistent with the post-mortem findings described earlier [9] . An illustration of the technovit cast was included as Additional file 1.
Discussion
Pseudoaneurysms result from disruption of all three layers of the arterial wall with the formation of a bloodfilled cavity lined by endothelium and supported by granulation, adventitial and periadventitial tissues [15] . True aortic aneurysms are expansions of the entire vessel wall, caused by segmental weakening of the wall due to a primary or secondary defect in the matrix structures. Loss of elastin has long been considered the hallmark of aneurysm formation, but it is now accepted that impaired collagen homeostasis is the main cause [16] . Aortic aneurysms are usually seen abdominally in older people.
Hypertension, smoking and hypercholesterolemia are predisposing factors [17] . Thoracic aneurysms are mainly found in young people however and generally occur due to an inherited connective tissue disorder [17, 18] . Even apart from genetic disorders of collagen and elastin, a familial predisposition has been shown as well [19] . Rupture of the thoracic aorta in Friesian horses is not associated with the formation of a true aneurysm. Pseudoaneurysm formation is however typical [9, 10] .
In humans, in more than 90 % of the cases, pseudoaneurysms typically occur at the aortic isthmus (between the left subclavian and the third intercostal artery) near the ligamentum arteriosum [20, 21] . Pseudoaneurysms are mainly associated with accidents involving pronounced deceleration or torsional trauma [21] . The exact Ultrasound image: from the ruptured aorta (Ao) blood flows (dotted arrow) into the pseudoaneurysm (PsA) and subsequently through the fistula that enters the pulmonary artery (PA) near the bifurcation towards the left (l-PA) and right (r-PA) branch of the PA pathophysiology of aortic pseudoaneurysms formation induced by blunt traumatic injury is still unknown, but it is most likely the result of a complex interaction between both motion of anatomical structures and local force loading [22] . Approximately 2 % of human patients surviving blunt traumatic aortic rupture live long enough to develop chronic pseudoaneurysms and periaortic hematomas [21, 23] . The periadventitial aortic isthmus tissue at that site seems to offer protection against complete aortic transection with subsequent acute exsanguination [21] . Aortopulmonary fistulation in humans can develop even decades after the traumatic event [24] . It is striking, that both pseudoaneurysms and periaortic hematomas occur at the same location in Friesian horses as in humans suffering from traumatic injury. This could indicate a common pathogenic mechanism predisposing certain humans for aortopulmonary fistulation after traumatic aortic injury. However, in contrast to humans, none of the affected Friesian horses had a history or showed signs of traumatic injury. Furthermore, inflammation and atherosclerosis, two other predisposing factors for pseudoaneurysm formation in humans [15] , were not reported in Friesians [10] .
It is believed that the aortopulmonary fistulation develops by continuous pulsatile friction between the wall of the aortic aneurysm or pseudoaneurysm and the pulmonary artery [25] . The aortic arch loops over the left pulmonary artery and the bifurcation of the main pulmonary trunk, to which it remains connected by the ligamentum arteriosum [26] . Also in horses, the thoracic aorta is positioned closely to the left pulmonary artery at the level of the bifurcation [27] . However, the geometry of the equine aorta differs from humans as the typical deviation of the aortic arch in humans is almost absent in horses [28] . In Friesian horses with an aortopulmonary fistulation, the pseudoaneurysm typically merges just proximal to the bifurcation of the pulmonary artery. In humans, fistulation into the pulmonary artery is mainly observed when the aortic intimal tear is present at the left side [29] . The latter is however rare, since aortic intimal tear formation usually occurs at the right anterolateral side of the ascending aortic wall which is the area that endures the highest stress [30] . This could explain the discrepancy between the relative high frequency of chronic aortic (pseudo)aneurysms and the rare incidence of APF.
It is worth mentioning that in all Friesians horses with an aortopulmonary fistulation, a patent ductus arteriosus was excluded as an intact scar of the former ligamentum arteriosum could be noticed. In horses, the ductus arteriosus closes physiologically within 3 days after birth [31] and the incidence of patent ductus arteriosus is very low [32] .
Histologic findings in aortic rupture and aorto-pulmonary fistulation in 20 affected Friesians included accumulation of mucoid material, disorganization and fragmentation of elastic laminae, hypertrophy of smooth muscle cells and medial necrosis of the aortic wall. Inflammation was minimal [10] . Recently it was shown that collagen metabolism differs between Friesian and Warmblood horses [33] . It is feasible that a genetic disorder superimposed upon this aberrant Friesian connective tissue disorder is the cause of aortic rupture and aortopulmonary fistulation in this breed. It is feasible that a genetic disorder superimposed upon this aberrant Friesian connective tissue turn-over is the cause of aortic rupture and aortopulmonary fistulation in this breed. Biomechanical differences could not be detected in the thoracic aorta between Friesian horses with aortic rupture and nonaffected horses. With that respect, a possible scenario is the existence of a local, hereditary defect in the aortic wall, rather than a generalized aortic disease [34] .
Reports in literature of aortopulmonary fistulation in humans and description of clinical symptoms are confusing as the term aortopulmonary fistula is used not only to describe fistulas terminating in the pulmonary artery, but also those terminating in the bronchial tree [35] [36] [37] . However, the latter should be called aortobronchial fistulas [38] . Chest pain, intermittent or recurrent hemoptysis, dyspnea and other respiratory symptoms have been mentioned as typical symptoms of aortopulmonary fistulation [39, 40] . Indeed, hemoptysis mainly occurs when the pseudoaneurysm "leaks" into the bronchopulmonary tree, thus in case of an aortobronchial fistula [41] . However, an aortopulmonary fistulation in humans can also result in massive hemoptysis, especially if pulmonary thromboembolism occurs [41] , but this is not yet described in Friesian horses. A common finding in aortopulmonary fistulation in both humans and Friesian horses is highoutput cardiac failure [6, 25, 41, 42] . Friesians with an aortopulmonary fistulation typically suffer from tachycardia, pulmonary edema, ventral edema, mild fever, colic and a bounding arterial pulse [9] . Due to the dimensions of the connection in Friesians, there is no treatment available at this moment [39] and the disease process will always end fatal once clinical signs develop.
In summary, the aortic rupture and aortopulmonary fistulation formation in Friesian horses occurs without any history of trauma or signs of inflammation. Considering the similar location of the lesions in Friesian horses and humans, the chronic aspect of this disease, the fatal outcome and the possibility to obtain vascular casts, the Friesian horse could be a valuable spontaneous model for this condition in humans.
